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Abstract

Heavy-ion fusion (HIF) designs for inertial fusion energy (IFE) power plants typically require final focusing magnets just outside the reaction chamber and blanket. Due to penetrations within the chamber and blanket, the magnets are exposed to a
radiation environment. Although the magnet bores would be sized to avoid line-of-sight irradiation, the magnets still would be susceptible to nuclear heating and radiation damage from neutrons and gamma-rays. Additionally, the magnets must be
included in waste management considerations due to substantial neutron activation. Modified versions of the HY LIFE-II IFE power plant featuring two-sided illumination by arrays of 32 and 96 beams from each side are presented. A ssimple, point-of-
departure quadrupole magnet design with minimal shielding is assumed, and a three-dimensional neutronics model is created for the Flibe pocket, first wall, blanket, shield, and final two or three sets of focusing magnets. This work details state-of-the-
art neutronics calculations and shows that the final focus system needs to be included in the economic and environmental considerations for the driver-chamber interface of any HIF |FE power plant design.

| ntroduction and Previous Work

» Despite shielding from line-of-sight radiation, magnets will still be
guantities of radiation

» Shielding of magnets is important for several reasons; one seeksto:
—  Reduce nuclear heating to ensure that magnets do not quench

exposed to significant .

—  Reduce neutron and g-ray radiation damage such that magnets have a reasonable lifetime
—  Reduce nuclear heating such that therecirculating power is not unreasonably high °
—  Reduce neutron activation to allow recycling or disposal via shallow land burial

» Previouswork has addressed some of these issues, but work may be incomplete or impractical

given recent trends towards a greater number of beams:

—  Previousdesigns (HIBALL, HIBALL-II, Osiris) typically used 12-20 beams and allocated 30-40 cm of

shielding on the inner bore of each magnet!-3

—  HYLIFE-II alowed only 3 cm of shielding, but detailed final focus neutronics cal culations were not

completed*

» Current work on final focus designs calls for more beams and less shielding for each magnet®:

—  More beams allows less current per beam, and thus, smaller magnets

—  To best enable thick-liquid protection schemes, arrays with small half-angle are desirable

—  Smaller size per beamisrequired
—  Forcesdesignswith less shielding

e Dueto symmetry of most designs and complexity of magnet shielding calculations of this type,
previous work has often resorted to modeling only a portion of the reactor geometry (e.g., one-
half of one beam linein a system that has 20 beams = 1/40 model)*-2:

— A portion of the geometry can be modeled correctly using planes

—  One cannot use conical reflectors as these artificially bias the results in an unpredictable manner

Why Conical Reflectors Don’'t Work®

o Basic problem related to fact that one cannot fill all space with cones without overlap or gaps

between the cdlls

» Asaresult, the results can be biased in an unpredictable manner:

—  Thiseffect has been verified using TART, MCNP, and COG (thisis not acode error)

—  All three codes give you the same wr ong answer

A 2-D exampleis used to demonstrate the error introduced when a cylindrical reflector is used:
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On left is a square repeating lattice. On theright isa cylindrical approximation, where the radii are defined such that the
volumes are conserved. Assume that in each case we replace the repeating lattice by a single cell and reflecting surfaces.
On the left, only the center square is used, surrounded by four reflecting planes. On the right, only the center cylinder is .

used, where the cylinder itself is areflecting surface.

Now consider a neutron emitted at the center of each cell travelling outward toward the reflecting boundary. On the | eft
we can see that if the neutron reflects off of the bounding plare it ends up moving in the same relative direction asiif it
had been allowed to pass through the plane, i.e., in this case the trgjectory is not biased. In contrast, on the right we can
see that ALL neutrons emitted at the center are traveling in a direction orthogonal to the surface of the reflecting cylinder.

Therefore, when these neutrons reflect off of the bounding cylinder they are reflected

back along their path, directly

toward the origin, i.e., in this case the trgjectory of the particles is biased toward the center of the cylinder.

Nuclear Heating and Cooling Power

* Nuclear heating of the magnets must be limited to ensure that the magnets do not quench and the

cooling power is not excessive:
—  For pool boiling, limit for Nb-Ti is ~ 100 mJ/cc’
—  With forced-flow cooling, one can alow more heating

* Nuclear heating results:
—  64-beamcases. 1.6- 2.6~ 10+ Jccin coil regions
—  192-beamcases: 1.0- 3.4" 103 Jccin coil regions

e Cooling power results:
—  64-beam cases. 12.4- 18.0 MW for cooling of all magnets

—  192-beam cases: 8.3- 21.1 MW for cooling of all magnets
(shielding blocks in front/between magnets requires
additional 58 MW if heat removed at L He temperature)

» Afterheat remova not included:

Magnets at the interior of the array
are subject to greater nuclear heating
than those on the outside. °

—  Afterheat of NbTi + Cu regions add steady-state power of 5.2° 104 W/cc in 192-beam case

Neutronics Models

HYLIFE-1I usesthick-liquid jets of Flibe to provide line-of-sight shielding for the first wall*

HY LIFE-Il used single-sided illumination/12 beams; two modified versions are modeled here:

— 32 beamsper sidein6” 6 array with corners removed
— 96 beams per sidein 10~ 10 array with corners removed

In 64-beam case, final two quadrupole magnets model ed:

— Last set of quadrupoles are staggered to obtain a more compact final focus system

— Only one magnet modeled with detailed radial build

In 192-beam case, |ast three quadrupol e magnets modeled:
— No staggering of magnets; radial build for all
— More aggressive (compact) magnet design
— Difficultiesin obtaining sharp edge to Flibe

jets addressed with in-chamber Flibe vortices

View that the target might have
as it approaches the target chamber
In the 64-beam model.

Detailed radial build of each magnet isimportant for several reasons:
— Needed to obtain radiation damage and nuclear heating in insulators,

superconductors, and stabilizers

— Power needed to remove 1 watt depends upon temperature of the region;

we assume efficiencies:
o 2:1for water cooled regions
e 20:1for liquid nitrogen (LN,) cooled regions
e 200:1 for liquid helium (LHe) cooled regions

Radial build of the 192-beam magnet design given at right (asimilar

radial build was used in the 64-beam mode)

. 

32 beams (and 64 magnets) are
visible in this cut-away view. The
Flibe pocket appears in green.
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The array of quadrupole

magnets can be seen in this
view of the 192-beam mode.

A modified
Flibe pocket,
vortices within
the chamber, and
the last three sets of
guadrupole magnets are
visible in this cut-away view
of the 192-beam modd!.

Component Inner radius [  Component Inner radius
Inner bore? 0-8.70 Insulation 11.19
SS316 8.70 W shielding 12.19
He gas 9.02 LN, 15.31
SS316 90.34 SS316 15.91
Insulation 9.50 Insulation 16.07
W shielding 10.50 SS316 17.07
He gas 10.75 NbTi+Cu+LHe? 17.32
W shielding 11.06 SS316 19.32/0.36

& Inner bore is tapered down to 5.9 cm radius at front of magnets;

space isfilled with tungsten shielding.
b Note: lack of exterior insulation and coil clamp would

necessitate use of cooled structure for support

Radiation Damage and Neutron Activation Results

Radiation doses to the conductors have been calculated in
Gylyear of operation; previous work?! reported a dose limit of
~57 107 Gy to epoxy dectrical insulators

Other work” reported a 2.5% increase in resistivity of Cu at
fluences of only ~2 " 107 n/cn??

Hahn et al.8 report a2” reduction in the critical current
density and a 3 K drop in the critical temperature for Nb;Sn
irradiated to 2~ 108 n/cn?
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Contact dose rates from the NbTi+Cu coils
following 30 years of irradiation.

Due to high contact dose rates, it appears difficult to recycle
the windings from superconducting magnets:

— Waste disposal rating (WDR) < 1 indicates that disposal via
snallow land burial may be possible

— For 64-beam cases, 35 £ WDR £ 52
— For 192-beam cases, 380 £ WDR £ 570

Nb;Sn will not have a more favorable result due to Nb

— Datais extremely sparse; more is needed

Conclusions and Recommendations
» Detailed magnet shielding calculations are needed and are now possible with advanced neutronics modeling

* Nuclear heating appears to be acceptable in all cases, even once radioactive afterheat is included; improvement is desirable to reduce cooling power:
— Reduction may be possible by switching to aluminum stabilizers and titanium alloys for structural materials®

 Radiation doses and fluences to conductors, stabilizers, and insulators have been cal cul ated:

— Limited data suggests that significant radiation-induced effects (e.g., decreased critical field, increased resistivity, etc.) will occur after only 0.5-3 years of operation
« Significant neutron activation makes recycling and shallow land burial of magnets appear difficult; resulting waste volumes rival those from first wall/blanket

Additional work is needed to increase shielding effectiveness of current designs and consider alternates (normal conductors?) in an attempt to achieve an overall
bal ance between performance, economics, and safety and environmental considerations
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Index

64-beam cases 192-beam cases

Annual fluence (n/cny)
to conductor, stabilizer,
and insulators

1.9-2.7° 10®¥ nlcm? | 1.7-3.4° 10® n/cm?

Annual dose (Gy) to
conductor, stabilizer,
and insulators

42-69° 10°Gyly | 3.0-99° 10’ Gyly

Displacements per
atom to conductor
and stabilizer

1.4-2.3° 103 dpaly Not calcul ated

o Contact dose rates are dominated by different elements and
|Sotopes at various times:

— 465c, 8BS, 80Co, %4Cu, and #2Nb from NbTi superconductor and Cu
stabilizer at early times (out until days)

— 80Co from Cu stabilizer at intermediate times (days to years)
— ¥Nb from NbTi superconductor at long decay times (> 10 years)

o A doserate of <100 mSv/hr may allow remote maintenance
on activated components (typically, 25 nSv/hr is required for
hands-on maintenance):

— Activation ~ 10" lower in 64-beam cases than in 192-beam cases
— Evenin 64-beam cases, remote recycling difficult before ~ 10 yr

cooling

— If magnets experience only 3 yr irradiation, then recycling contact

dose rate achieved

after 2.5 yr of decay

Waste volumes are also important:

— |f magnets are lifetime components, waste volumes for the
superconductors and stabilizers are 85 m?3 in the 64-beam cases
and 5 m3in the 192-beam cases

— Dosesin 192-beam cases are ~ 10-20° higher, and thus, waste
volume is probably ~ 50-100 m?3
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